The small-sized teleost fish medaka, Oryzias latipes, has as many as 1000 pharyngeal teeth undergoing continuous replacement. In this study, we sought to identify the tooth-forming units and determine its replacement cycles, and further localize odontogenic stem cell niches in the pharyngeal dentition of medaka to gain insights into the mechanisms whereby continuous tooth replacement is maintained. Three-dimensional reconstruction of pharyngeal epithelium and sequential fluorochrome labeling of pharyngeal bones and teeth indicated that the individual functional teeth and their successional teeth were organized in families, each comprising up to five generations of teeth and successional tooth germs, and that the replacement cycle of functional teeth was approximately 4 weeks. BrdU label/chase experiments confirmed the existence of clusters of label-retaining epithelial cells at the posterior end of each tooth family where the expression of pluripotency marker Sox2 was confirmed by in situ hybridization. Label-retaining cells were also identified in the mesoderm immediately adjacent to the posterior end of each tooth family. These data suggest the importance of existence of slowcycling dental epithelial cells and Sox2 expressions at the posterior end of each tooth family to maintain continuous tooth formation and replacement in the pharyngeal dentition of medaka.
Introduction
Tooth loss causes masticatory dysfunction and various health problems. Since humans have only two sets of dentition, deciduous and permanent, applications of prosthodontic appliances and/or dental implants are the major therapies to restore and maintain normal occlusal function in patients who suffer from tooth loss. Scientists in the field of regenerative medicine and bioengineering are now applying the principles of cell biology and material science to construct bioengineered teeth and compensate the limited competence for tooth renewal in human dentition. Using animal models, large efforts have been made on tooth regeneration under various protocols [1] [2] [3] [4] [5] [6] [7] . Currently, it is one of major strategies to identify odontogenic stem cell niches and isolate abundant odontogenic stem cells to pursue successful induction of bioengineered teeth. Dental epithelial stem cell (EpSC) niche was first identified by Harada et al. [8] in the apical cervical end of continuously growing rodent incisors and later confirmed by other investigators [9, 10] . In recent studies, EpSCs have also been confirmed to be located in the dental lamina of rodent molars [11] and that of reptilian dentition in which teeth undergo multiple replacement [12, 13] .
Polyphyodonty is a type of tooth system common in nonmammalian toothed vertebrates such as reptiles and fishes, in that the multiple sets of successional teeth are continuously generated and replaced throughout the animal's life [14, 15] . Because a renewable tooth system requires odontogenic stem cells, many researchers have focused on polyphyodont animals to identify stem cell niches in an aim to find out how the intriguing machinery is maintained [12, [16] [17] [18] [19] [20] [21] [22] [23] . Recent studies on reptilian dentition from different laboratories have indicated that existence of Sox2-expressing odontogenic epithelial cells marks the competence to generate teeth [11] and that maintenance of Sox2-expressing cells and slow-cycling stem cells in the dental lamina [24] are essential for continual tooth replacement in polyphyodonty.
A small teleost fish medaka has both oral and pharyngeal dentition [25] and has as many as 1000 erupted (functional) teeth on the pharyngeal bone plates alone in adults [26] . Since fishes are polyphyodont, pharyngeal teeth of medaka are thought to be continuously replaced with the new sets of successional teeth throughout life. This prompts one to speculate the existence of even larger number of successional tooth germs and hence odontogenic stem cells needed for the maintenance of continuous tooth replacement. The abundance of teeth and successional tooth germs in the pharyngeal dentition thus mark medaka as an attractive experimental model for the study of tooth growth and replacement, and to identify odontogenic stem cells. Debiais-Thibaud et al. [27] closely examined early odontogenesis in oral and pharyngeal dentition of medaka but precise developmental process of the individual teeth and sequential analysis of tooth replacement have not been addressed in previous studies.
In this study, we performed structural and kinetic analyses of the pharyngeal dentition of medaka to identify the entire tooth families, determine tooth replacement cycles and depict odontogenic stem cell niches in the eternally replacing tooth system.
Materials and methods
All experimental protocols were approved by the Animal Welfare Committee of Tokyo Medical and Dental University (approval no. 0140166A) and carried out under the institutional guideline for animal experimentation.
Adult medaka (Oryzias latipes) of both sexes (body length 23-31 mm) were used for histological and microcomputed tomography (CT) analyses of pharyngeal dentition. Medaka were anesthetized by immersion in 0.0168% tricaine methane sulfonate (MS222) solution and fixed in 4% formalin in 0.1 M phosphate buffer (pH 7.3) for 2-3 days at 4°C. After fixation, whole medaka or the pharyngeal bones and teeth excised from the fixed medaka were embedded in paraffin or Technovit 7100 (Heraeus, Kulzer, Germany) with or without prior decalcification in 10% ethylenediaminetetraacetic acid di-sodium salt (EDTA) (pH 7.3). Some non-decalcified specimens were processed for microCT analysis using the Shimadzu SMX-90CT or SMX-100CT (Shimadzu, Kyoto, Japan). These samples were later treated with 2% hypochlorite solution for 10 min at room temperature and soft tissues were removed. The de-proteinated pharyngeal bones/teeth were fixed by 1% OsO4 for 1 h at 4°C. After a thorough rinse with distilled water and air-drying, the specimens were sputter-coated with gold and examined using the Hitachi S-4700 scanning electron microscope (SEM) (Hitachi, Tokyo, Japan) at an acceleration voltage of 20 kV.
Three-dimensional reconstruction
Serial sagittal sections (4 µm thick) of the paraffin-embedded upper pharyngeal regions were collected and stained with hematoxylin-eosin or with 0.02% toluidine blue at pH 7.3 and photographed in order as standard images. The areas of pharyngeal epithelium including the enamel organ of growing tooth germs were traced on the computer screen and either painted with half-tone color or left as line frames using Photoshop cs5 software (Adobe System, San Jose, CA, USA). The painted areas or the wire frame images of pharyngeal epithelium thus obtained from the serial paraffin sections were reconstructed into three-dimensional (3D) images using the software Delta Viewer 2.1.1 [28] . The 3D reconstruction was also attempted on the serial sections of the 2-week-chase sample of a BrdU-labeled medaka to identify spatial relation of the slow-cycling cells in the pharyngeal epithelium and the adjacent mesoderm.
BrdU labeling
Single pulse-chase experiment Eighteen adult medaka were cold-anesthetized on ice and intraperitoneally injected with 20 μl BrdU solution (3 mg ml −1 ) (Roche, Mannheim, Germany). The injected medaka were kept in tank water and, under deep anesthesia with MS222, sacrificed at 1, 6, 12, 48, 72 h, 1, 2, 4 and 8 W after the injection. At each time interval, two medaka were fixed by immersion in buffered 4% formalin. The upper pharyngeal bones were collected, decalcified with EDTA and embedded in paraffin. Five longitudinal paraffin sections of the upper pharyngeal bones randomly chosen from each medaka samples were processed for immunohistochemical demonstration of BrdU-labeled nuclei using Roche BrdU Labeling and Detection Kit II (Roche). To compare timerelated changes in the distribution of BrdU-labeled cells in pharyngeal epithelium, the number of BrdU-labeled cells and the entire cell number in the pharyngeal epithelium in 285 µm wide unit area (average surface area: 20 000 µm 2 ) were counted, and the proportion of BrdU-labeled cells among the whole population of the epithelial cells was calculated.
Long-term label-chase experiment Nine medaka were kept in tank water containing BrdU (1 mg ml −1 ) (Sigma-Aldrich, St Louis, MO, USA) for 1 week. 
Gene expression analysis of Sox2
Total RNA was extracted from the brain and the teethbearing pharyngeal bony plates of adult medaka by using TRI Reagent ® (Molecular Research Center Inc., Cincinnati, OH, USA) and cDNA libraries of the respective samples were generated utilizing oligo-dT primer using 1st Strand cDNA Synthesis kit for RT-PCR ® (Roche). DNA fragments corresponding to Sox2 transcripts possessing T3 and T7 promoter sequences were generated by PCR reactions using BIOTAQ™ DNA Polymerase (Bioline, London, UK) with the forward primers having T7 sequences: (5 0 -TAATACGACTCACTAT AGGGAGAGCAATACCAACACGTCCGGGACCGG-3 0 for Sox2) and the reverse primers having T3 sequences: (5 0 -AATT AACCCTCACTAAAGGGAGAGGCAGCGTGCCGTTGAT CGTCG-3 0 for Sox2). For the original primer sequences the readers are referred to Alumni et al. [30] . The products were electrophoresed on 2% agarose gel and migrated at the expected positions of the transcripts for Sox2 in both brain and pharyngeal teeth. DIG-labeled single-stranded antisense and sense probes were generated on these PCR products utilizing T3 and T7 RNA polymerases (Roche), respectively, with the DIG RNA Labeling Kit ® (Roche).
Localization of Sox2 transcripts by in situ hybridization (ISH)
The dewaxed paraffin sections of pharyngeal regions were digested with proteinase K (1.0 μg ml
, Roche) in Tris-HCl buffer (pH 8.0) at 37°C for 10 min, and then treated in 0.2 M HCl at room temperature for 10 min. The acetylation was performed in 0.1 M triethanolamine solution containing 0.5% acetic anhydride at room temperature for 15 min. Hybridization was performed using either antisense or sense probes of Sox2 overnight, at 69°C. After several washing steps, the loci of the expressions were immunohistochemically detected utilizing alkaline phosphatase-labeled antidigoxigenin antibody (Roche), followed by the reaction with BCIP/NBT (Roche) solution. The sections were counterstained with methyl green.
Results
Location and structure of pharyngeal dentition of adult medaka Medaka has both oral and pharyngeal dentition ( Fig. 1A-C) . The pharyngeal dentition of adult medaka is composed of bilateral dorsal and ventral tooth-bearing bony plates surrounding the posterior pharyngeal cavity to which a total of nearly 1000 functional teeth are attached (Fig. 1C ). MicroCT and SEM observations revealed parallel rows of densely arranged pharyngeal teeth, which were attached to the bony plates via tooth-supporting bones (pedicles) ( Fig. 1D and E). Existence of growing teeth (tooth germs) was also confirmed in the deep furrow zones between the adjacent teeth rows (Fig. 1D ).
Functional teeth and tooth families
3D images of the pharyngeal epithelium reconstructed from the serial paraffin sections revealed that the functional teeth and their successional tooth germs were organized in families, each comprising up to five generations of teeth (two functional teeth and three successional tooth germs), being aligned at some angles with respect to the parasagittal planes on each pharyngeal bone ( Fig. 2A-C) . Figure 2D shows histological features of a tooth family in the pharyngeal dentition of medaka viewed in a plastic section parallel with the axis of a tooth family. Developmental stages of the successional teeth (tooth germs) in the individual tooth families were similar but not identical among the tooth families. For example, in a tooth family, the most advanced tooth germ could be at the stage of near eruption, while in other cases it could be still in the mid-stage of development and located deep in the mesoderm.
No discrete dental lamina-like structure was identified in both the sectional and 3D images of pharyngeal dentition of medaka.
Replacement cycle of pharyngeal teeth
To determine the replacement cycle of pharyngeal teeth in the well-organized tooth families and find out whether there is any synchronized tooth replacement among the individual tooth families, we performed calcein labeling and chase experiments and made montage pictures of fluorescent and transmitted light micrographs of the whole preparation of the isolated upper pharyngeal bones and teeth (Fig. 3A) . The pictures were taken at different focusing depths, targeting the tips of functional teeth and those of growing tooth germs indicated, respectively, as black and red dotted lines in Fig. 3B . At one day after calcein injection, there were no labeled functional teeth but, as anticipated, all the mineralizing matrix of successional tooth germs were intensely labeled with calcein and identified as bright green dot-like structures (Fig. 3A-a, a  0 ) . At 1 week after the injection, a certain proportion of functional teeth were labeled with calcein. Inversely, the number of growing tooth germs with calcein labeling had decreased considerably by 1 week (Fig. 3A-b , b 0 ). By 2 weeks after the injection, the labeled functional teeth had further increased in number, whereas most of the growing tooth germs were devoid of calcein labeling (Fig. 3A-c, c  0 ) . By 3 weeks, only few labeled teeth were remaining in the rows of functional teeth and no calcein labeling was depicted in the successional tooth germs ( Fig. 3A-d, d 0 ). Calcein labeling completely disappeared from both functional teeth and successional tooth germs by 4 weeks after the injection (Fig. 3A- e, e 0 ).
The proportion of calcein-labeled functional teeth among the entire population of functional teeth was 0% at day 1 but rapidly increased in the following weeks; 22.2 ± 7.6% (1 week) and 38.8 ± 12.7% (2 weeks). The relative proportion of the labeled functional teeth decreased dramatically by 3 weeks down to 3.7 ± 32%, and became 0% by 4 weeks (Fig. 3C) . Figure 4A shows histological features of a tooth family comprising five generations of teeth and successional tooth germs in the pharyngeal dentition of a medaka doublelabeled with calcein and ALC at 17 and 3 days prior to sacrifice, respectively. Examination of the same section under the fluorescence microscope revealed a distinct calcein labeling in the cervical portion of the functional teeth. Calcein labeling was absent in the successional tooth germs but, instead, intense ALC labeling was noted at different levels of the mineralizing matrix in the successional teeth (Fig. 4B) . We further processed the same section for histochemical demonstration of tartrate-resistant acid phosphatase (TRAP) and revealed a large number of TRAP-positive cells (osteoclasts) attached to the rostral surfaces of pedicles supporting the pharyngeal teeth (Fig. 4C ).
Proliferating cells and slow-cycling cells in odontogenic pharyngeal epithelium
Proliferating cell nuclear antigen staining In sagittal sections of the upper pharyngeal dentition, the cells with proliferating cell nuclear antigen (PCNA) positive nuclei were located throughout the basal half of the pharyngeal epithelium. Strongly labeled nuclei were located preferentially posterior to the functional teeth where the successional tooth germs were newly forming in each tooth family (Fig. 5A) . Nuclei of some dental epithelial cells and the dental papilla cells differentially displayed PCNA reactions depending on the developmental stages of the individual tooth germs.
BrdU labeling
To identify putative stem cell niches in the pharyngeal epithelium of medaka, we performed two types of BrdU labelchase experiments: single pulse-chase experiment and longterm BrdU labeling (1 week) and chase (∼12 weeks) experiment.
Single pulse-chase experiment. At 1 h after BrdU injection, cells with labeled nuclei were located sporadically in the deeper layers of pharyngeal epithelium including some in the basal cell layer (Fig. 5B) . By 12 h, labeled nuclei in the epithelium significantly increased in number and displayed similar distribution as that of PCNA immuno-positive nuclei described earlier (Fig. 5C) . By 24 h, the area of BrdUpositive cells in the epithelium expanded to the surface layers and remained so up to 48 h ( Fig. 5D and E) . The distribution pattern and population of labeled cells were identical by 72 h but, thereafter, the labeled cell population decreased drastically by 1 week (Fig. 5F ). In the following week, a large portion of labeled cells disappeared and only a few cells with BrdU-positive nuclei remained in the narrow areas adjacent to the most posterior zones of each tooth family (Fig. 5G) . The presence of BrdU-labeled cell was also confirmed in the inner enamel epithelium of a newly forming tooth germ (Fig. 5G inset) . Time-related changes in the proportion of the BrdU-labeled cells relative to all the cells of pharyngeal epithelium in limited areas are summarized in a bar graph in Fig. 6 .
Long-term labeling and chase experiment. After a continual exposure of medaka to BrdU-containing water in a small tank for 1 week, the nuclei of almost all cells of the pharyngeal epithelium including those of the successional tooth germs at early development were intensely labeled with BrdU (Fig. 5H) . The number of cells with BrdU-labeled nuclei decreased dramatically by 1 week and only few remained after 2 weeks of chase (Fig. 5I) . Importantly, however, the small population of labeled cells remained in the identical location of the pharyngeal epithelium up to 12 weeks (Fig. 5J-L) . Spatial distribution of the label-retaining cells (LRCs) could be clearly illustrated in the 3D wire frame model of the upper pharyngeal epithelium reconstructed from the 2-week-chase sample of a BrdU-labeled medaka ( Fig. 7A and B) . In the mesoderm underneath the pharyngeal epithelium, relatively larger numbers of LRCs were depicted up to 8 weeks. By 12 weeks, LRCs were restricted to the narrow areas of the connective tissue right next to the posterior end of the tooth family where the epithelial LRCs were located (Fig. 5K and L) . The spatial distribution of the mesodermal LRCs and their relation to the tooth families of pharyngeal dentition was demonstrated in the 3D model reconstructed from the 12-week-chase sample of a BrdUlabeled medaka (Fig. 7C and D) .
Sox2 expression in pharyngeal dentition
To test whether the slow-cycling LRCs in the pharyngeal dentition of medaka have the property of stemness, we examined the expression of one of stemness markers Sox2 by PCR and in situ hybridization. Distinct signal expression of Sox2 was confirmed by PCR (Fig. 8A) . In situ hybridization on parasagittal paraffin sections of upper pharyngeal dentition revealed Sox2 signals in the restricted portions of the pharyngeal epithelium corresponding to the most posterior end of the individual tooth families (Fig. 8B ) where the BrdU LRCs had been shown to be located. There were no detectable Sox2 signals in the adjacent connective tissue. 
Discussion
In polyphyodont dentition, successional tooth germs bud off from the discrete dental lamina (successional dental lamina) extending from the outer enamel epithelium of the preceding tooth germ [31] . In this experiment, we sought to identify the tooth family and its relation to the dental lamina in the pharyngeal dentition of small-sized freshwater teleost fish medaka (O. latipes), and could illustrate the developmental process of successional teeth (tooth germs) in the individual tooth families, and further demonstrate the spatial distribution of the entire tooth families by reconstructing 3D images of the pharyngeal dental epithelium (Figs. 2 and 4) .
Unlike in the dentition of toothed reptiles, the dental lamina in the pharyngeal dentition of medaka was not clearly discernible as discrete structures. Current data indicate that the dental lamina in medaka pharyngeal dentition corresponds to the indistinct bulge at the posterior end of each tooth family where the slow-cycling LRCs and Sox2-expressing cells are located. Since the indistinct bulge of the odontogenic epithelium extends mesio-laterally in each row of tooth-forming units (Fig. 7) , we propose that the dental laminae in the pharyngeal dentition are the indistinct beltlike bulges extending parallel with and posterior to the individual rows of functional teeth. The axis of each tooth family is mesio-laterally inclined at about 45°or more with respect to the axis of the belt-like dental lamina (see Figs. 2  and 7 ). Such characteristic spatial patterning of the tooth families and their relation with the dental laminae explain the difficulty in our understanding of structural conformation of the tooth-forming units in medaka in our previous observations, because our observations were mostly on the sagittally or frontally cut sections of pharyngeal dentition, not along the tooth families, which are mesio-laterally inclined at steep angles. 
Replacement cycle of pharyngeal teeth
Observation of the whole preparation of the upper pharyngeal bones/teeth excised from the calcein-injected medaka enabled a quantitative evaluation of time-related changes in the relative proportion of the calcein-labeled teeth and successional tooth germs without time-consuming histological preparations. Since calcein binds with mineralizing surfaces and marks the mineralization front of teeth and bones at the time of injection, all the growing teeth in the successional tooth germs at one day after the injection were strongly labeled with calcein and identified as bright green dots under the fluorescence microscope. In contrast, calcein labeling was undetectable in the functional teeth in the same time period, indicating the absence of further mineral deposition once teeth complete their development and become functional. The calcein-labeled functional teeth that emerged in the pharyngeal dentition in the following weeks therefore represent those that replaced the preceding teeth which did not take up calcein at the time of injection. The proportion of the labeled functional teeth among the whole population of pharyngeal teeth increased up to nearly 40% by 2 weeks and fell down to <4% in the following week. We assume that the labeled functional teeth at 1-week chase represent the successional teeth that were in the advanced stages of development at the time of injection, and that the increased population of labeled functional teeth in the second week includes those grown up from the younger generations of tooth germs within the individual tooth families.
Based on these observations, we estimate that, in the pharyngeal dentition of adult medaka, it takes about 2 weeks for the tooth germs at early stages of tooth formation (mineralization) to become fully erupted functional teeth. A drastic reduction in the number of labeled teeth in the third week appears to indicate that the labeled teeth remain functional for only 1 week before they are replaced by the next generation of teeth. Assuming that it takes about 1 week or less before the initial tooth buds begin to differentiate and start to form mineralizing matrix, we propose that the life cycle of pharyngeal teeth of adult medaka is about 4 weeks; 3 weeks for growth and development and 1 week of functional period.
Such dynamic tooth replacement is associated with dynamic resorption of tooth-supporting bones ( pedicles) by the large population of TRAP-positive osteoclasts as shown in this study (Fig. 4C) and also in our previous observations [32] .
In this experiment, the counting of calcein-labeled teeth and tooth germs was performed on the whole-mount preparation of the pharyngeal bones/teeth and hence had some limitation in optical sensitivity. Accordingly, weakly labeled teeth and/or those positioned out of the two photographic focusing planes as shown in Fig. 3B could have been overlooked and hence not counted as labeled teeth. Such technical limitation may explain the relatively small proportion of the labeled functional teeth in the pharyngeal dentition in 1-and 2-week-chase groups after calcein injection.
Slow-cycling LRCs and Sox 2-expressing cells: identification of putative stem cell niches in the pharyngeal dentition of medaka Current BrdU label-chase experiments of two modes have indicated the existence of the clusters of slow-cycling LRCs in the specific regions of pharyngeal epithelium corresponding to the posterior end of each tooth family. The existence of BrdU-positive cells in the newly forming tooth bud at 2 weeks after pulse labeling, as shown in Fig. 5G (inset) , is firm supporting evidence of the contribution of LRCs at the posterior end of the tooth family to formation of successional tooth germs.
Long-term BrdU label and chase experiment has also identified the presence of LRCs in the mesoderm immediately adjacent to the posterior bulges of the odontogenic epithelium. Although a functional relationship between the epithelial and mesodermal LRCs is yet to be determined, it appears plausible to speculate that the intimate spatial relation between the putative ectodermal and mesodermal odontogenic stem cells plays a role to facilitate continuous induction and development of successional tooth germs and hence continuous tooth replacement.
Sox2 belongs to a large family of SRY-related HMG box transcription factors [33] and has been identified in numerous adult endodermal and ectodermal stem cell compartments in mammals, which are critical for normal tissue regeneration and survival [34] . Recent studies on the continuous tooth replacement systems of reptile dentition confirmed localization of Sox2-expressing cells in the dental lamina and suggested their role in the maintenance of continuous tooth replacement [11] . In this study, we also confirmed Sox2 expressions in the pharyngeal epithelial cells of medaka and could correlate their location with that of LRCs in the bulging regions. We currently do not know whether the Sox2-positive cells are slow-cycling stem cells in the pharyngeal odontogenic epithelia, but we suggest that the pharyngeal dentition of a small teleost fish medaka provides an excellent study model of continuous tooth replacement and also serves as a rich source of odontogenic stem cells and/or Sox2-expressing cells, thus contributing to the advancement of tooth regeneration studies.
In summary, we have identified the tooth families undergoing continuous tooth replacement in the pharyngeal dentition of medaka and confirmed their replacement cycles.
In this study, we have also confirmed the existence of putative slow-cycling stem cells in the posterior end of each tooth family where the Sox2-expressing cells are also located.
